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Los Alamos National Laboratory
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ABSTRACT

Procesn quality me:surement data from cold runs
at AGNS BNFP are used to demonstrate near-real-
time accounting by closing hourly materials
balances and to evaluate contactor invenLory
estimation techniques. Loss-detection sensai-
tivities for 1 day of between ¢ and 18 kg uran-
ium, at 502 detection probability and 2.52
false-alarm probability, are calculated for
sclected accounting areas. Pulsed-column in-
ventory estimators are used to calculate an
inventory that is generally withio 10X of column
dump measurements, lLoss-detection &8ensitivily
could he improved by incorporating on-line waste
stream measurements, improving laboratory meas-
urements {or process streams, aond refining the
pulsed-column inventory cstimates.

1. INTRODUCT LON

In 1980 and 1981 Los Alamos participated
in seven minirun experimentsa conducted at the
Allied-General Nuclear Services (AGNS) Barnwell
Nuclear Fuels Reprocessing Plant (HNFP).  Our
objectiven for these minivruns were to demon-
atrate near-real=time accounting (NRTA) concepts
and principles, to evaluate advanced data anal-
yain techniques and materiala loss detection,
and to develop estimation techniques for con-
tactor inventories, We  aeported  on the
development of NRTA concepts and pave examples
af  NRTA  reaults tfor the first five mini-
vana. 7Y Iy thie paper, we give vcatimates of
NRTA materiala lows-detection aenritivitiea for
ditferent portions of the procesn and compare
column  inventories  calculated uming a linear
palaed-column wodel with column dumps.

11, MINIRUN HISTORY AND DESCRIPTION

In 1977 AGNS, wwder the sponrorship of DO,
began the development awd teating of a Comput -
erized Nuclear Material Control awml Account ing
Svntem  (CNMCAS) % Initial  work on  UNMCAS
involved the entare chiemical aeparationa line
and  docuned on computerization of weasuremeat

measurement control, and accounting procedures
for '"conventional" accounting. ("Conventional"
accounting is the measurement of inputs and
outputs for a materials balance area, coupled
with periodic cleanout and physical inventory
to close the materials balance.)

As on-line measurement and computer capa-
bilities improved, AGNS began to experiment
using routine measurements cf process vaiviables
to estimate the quantity of —material in process.
Thrse experiments were uitially conducted for
the entire process, but by 1980 reduced fuuding
required AGNS to find  less costly mode of
testing. Because of the widespread and contia-
uing interest in :omputcrized nuclear materials
control and nerr-real-time accounting methods,
the minirun concept was devised.

The minirun cycle (Fig. 1) consists ot four
pulsed-column contactors (2A, 28, 3A, and 4B);
concentrator (31); and seven product, feed, and
blending tanks. Support syatems include aqueous
waste tanka, a waate evaporator aud acid frac-
tionator, a aolvent surge and recycle tank, an
off-gas  ayatem, and associated process  and
chomical distribution systema. This yepreaents
a good cross mection of routinely uaed plant
cquipment for development of improved matetials
control  d  accounting methods, A modijied
Purex nolvent-extraction flowsheot in umed with
wnirradiated natural uwranium in place of plu-
tonium for the testa.

The normal starting inventory lor each run
wan  AN-500 kp ol uranium, Alter attaining
equilibrium, a  "process  inventory'"  (pulaed
columna, lines, product  evapmator) of  about
10-7% kg wan obrerved, with the r1emaining ma-
terial distvibuted among product tanks.  Waste
loawen from the wyntem varied from run to run,
averaging approximately 100 kg tor each run.

T, PROCLSS MEASUREMENTS

The procean control  instiumenta o the
plutonium purification cycles at AGNSE me de-



1
SRR,
po oA
|s 1BP SURGE TANK®
8| 24T
~ et ) Jo' T T aw
o S 2A COLUMN . 7
W o ST T i
SOLVENT - T :
TANK Pl 2w ;
b2 28 coLum EAC
| sar aurt $90i g T :
! i -T ‘.—j ar '
{ ":'-{t ’ O— oun W
L&Y sacoun N
.\:s' o T
o o T
.2 38 column A
X o J——
L] r
|
, . | )
05,0 s wasH CoLUMN 8% ; -
. e ' 10
IS i Y
. . o ' TANK
{JP CONCENTRATOR —~
d 1 tseo
Aqueous N ‘JPCF A
Organ c o Pu CATCH TANK | v ety
; o
‘ » LOviL
i o
i.l’u SAMPLE TANK " FLOW
; ‘ ' o sawms
! ]: FEED TANK | ¢ L tool
i :
. . o ;
D%y INTERIM | 1Ty INTERIM
; U, STORAGE ' STORAGE

I ' B | 1
i 'ePu REWORK TANK

Figs 1o Minirun flowsheet.

signed to measure (1) volumes and densities in
all wstatic tanke and (2) flow rates of major
feed mtreams (aqueous feed to the plutonium
purification cycles, aqueous and oiganic atrveams
to columns)., All process meanurement signale
are received in the control room; analog signals
arve digitized and transmitted to the materials
accounting computer, frocess aamples are taken
in the plutonium analytical glovebox at  Ley
sanpling pointe  (column product stveamn, feed
pointa).  Thene sannlex ave analyred in the ap-
alvtical chemintry laboratory and analytical
remultn are fed into the Laboratory Data Svatem.

The available procean and laboratory means-
urementa for the firmt aix minirons are ahown
in Fig., 1 an aolid circles, triangles, or
aquarea.  For minirun 7 additional meamirementw
were added in the ?2AP atiecam (agueoun product
from the 8 column) and to the combined organic

was:e stream from the "B" and wash columns (2BW,
3BW, 3SW), the combined aqueous waste streams
from the "A" columns, and the overheads from the
concentrator {(2AW, 3AW, 3PD). The measurement
in the 2BP stream was obtained wusing an
L-absorftion-edge densitometer designed and
constructed at Los Alamos. Measurements 1in
waste streams were performed using & K-x-ray
fluorescence spectrometer designed at Livermore
and adapted at AGNS to the AGNS proce:s lines.
X-ray fluorescence analyzers also were installed
in the 1BP and 3BP product streams.

A. Volume and Density Measurements

Prccess volume and density m2asurementr
were obtained using commercial Tayloc* dip-~tube
manometers that had been installed during BNFP
construction. Tests by AGNS indicatec a dritt
in output as a function of time, Therefore,
AGNS personnel designed an automatic calibration
technique (AUTOCAL) for all volume and density
probes.5 The AUTOCAL system uses 4a Ruska**
densimeter to correct for nonlinearity and drift
in signals from process differential-pressure
transmitters. Thus, transmitters with & stated
manufacturer's accuracy of 5-10% are corrected
to an accuracy of 0.2%.6 Temperatures of
flowing streams are measured using in-line
thermocouples, and all densities are corrected
for temperature.

B. Analytical Laboratory Uranium Analyses

Process control samples at BNFP are an-
alyzed for uranium using a wmodified Davies-tray
precedure.  In the standard Davies-Cray method,
uranium first is reduced to the tetravalent
antate using Fe(ll) in phosphoric acid.  Then,
the tetravalent uranium is oxidized quantita-
tively to the hexavalent atate with dichromate,
and the end point is detecte potentiometiae-
ally., The method ia capablle o1 precision and

accuracy of 0.1%.  In the wmoditied wethod,
the erd point is detected colorimetrically. The
modified method is rapid, requirving 10 min

per mample, but accuracy in of the order of 9,
€. L-Edge Densitometvy

For minirun 7, an lL-edpe deonitometer wan
inntalled in  the 2BP  atream by Lox  Alamas,/
A flow-through aample cell with a l-cm  path
length  wan  inatalled on  line to  permit

*Taylor Modeln 1507 to 1308, Taylor lomtrument
Co., Rochenter, NY,

**Runka model DDROOOD, Runka Instrument Coip.,
Houaton, Texaw.



continuous analysis of the flowing sample
stream. The instrument was calibrated for
optimum assay results between 50-60 g/L. During
minirun 7, the instrument obtained a uranium
concentration measurement every 5.5 min with
a precision of 0.7%Z. At concentrations of
35 g/L, & positive calibration bias of U.15% is
anticipated,

D. K-X-Ray Fluorescence Analysis

An x-ray analysis system based upor energy-
dispersive K-x-ray aralysis was developed for
uranium analysis of process and waste streams.
During minirun 7, x-ray fluorescence detectors
were installed in the 1BP and 2BP streams and
in the organic and aqueous wasce or recycle
streams from the plutonium purification cycles.

The precision of the x-ray fluorescence
method was reported to be 2% in the 20-150 g/L
concentration range.8 Matrix effects caused
by introduction of other heavy metals or by var-
iations in acid concentration are not inciuded
in the data evaluation methods. The ninioum
detectable concentration is 0,1 g/L; hence,
aqueous waste and organic recycle streams
anticipated under normal operating conditions
could not be measured. For concentrations in
the range of 0.2 to 0.4 g/L, as normally en-
countered in the 3BW si.eam, the precision is
reported to be 38X,

E. Uranium Concentration f-om Snlution
Denkity and Acidity Measurementws

The density measurement ie used in reproc-
earing plents for measuring in-process inven-
tory, primarily for process control, and can be
used to determine in~process inventory for NRTA.
The method is sen.itive tr nitric acid concen-
tration and temperature, A predictive equatiorn
for uranium concentrations in the ranpr 0.05 to
Do M (12-1413 /1) was  proposed by Brodda.Y
Evrors in determinieg uranium coccentration are
in the range 0,8-3,92, Mearurementn  of LWR
dianclver molutionk with a relative asiardard
deviation of 0.8-1.7% were 1eported. 10 For
measutement of uranyl-nitrate produce solution,
a relative wstandard deviation of hetter than
0.2% wan reported,

The development work at ACNS for predictive
vqunlinnnl‘ wan  aimed at determining uraniuvm
concentiation in both aqueoun and 30X TBP  in
dodecane molutionn.  Three acparate predictors
were developed

o high-leve) agueous U-CALC for 160600 g

utanium/L,

o low-level aqueous U-CALC for 10-80 mg
uianium/g, and

o orgenic U-CALC, 10-80 mg uranium/g and
302 TBP.

IV. MINIRUN NEAR-REAL-TIME MATERIALS ACCOUNTING

Measurement data from the AGNS process=
control instrumentation, including estimates of
random and correlated measurement uncertainties,
were received hourly in a data file (ARANGE).
In addition, sample -“2ta from the analytical
laboratory were added to the ARANGE file as they
became available from the Laboratory Data Sys-
tem, Samples for chemical analysis were taken
normally once per shift (see Fig. 1 for sample
points). Table 1 1lists the ARANGE file data
entries for the seventh minirun. Measurement
points used for NRTA are given along with their
respective random and correlated errors. The
instruments were not recalibrated during the
miniruns; thus, all measurements made with the
same instrument are correlated for all account-
ing periods,

TABLE 1: CONTENTS OF APRANGE DATA SETS: AGNS
MINIRUN NO. 7

Measutement \’2 J

Point . ____ Random_ Correloted
Data BSet No. - -
Tine - -
Date - -
Initial Inventory 02 (o} 2
Pu Storage 01 (30Y) \ (¢.6/v) (0.267V)
Pu BL. 81 (Taylor) c s x10 2.4 x 10
Pu Bt 82 (306) v (0.6 (0.26/V)
Pu 8t. 82 (Taylor) ¢ 6.8 x10 RE R
Pu Rework Tank v s.3w? (4.8/V)
Pu fLework {Taylor) ¢ T.4x10° 1.8 % 10
1np Tank v 5.30)2 1awy?
18P Tank ‘Yaylor) c 1 x 10:‘ 1.0 lo:‘
AP (PR203) r €05 10 €01 10
X (PR3l ’ a6 x10”> %6 x 10"
AP Tank sample ¢ 1612107 2.2 0 107!
A8 Pn-638) r aexio? €0 x 1074
AP sanple c aoxi10! v.ox 1074
I columt (ky U) " (4,0/ng U2 (4.07kg 12
AP (Taylor) ¢ 6.4 1 loi‘ 1.6 x \o::
28X (iR 639) v 4.0 x 10 4.0 2 10
JAF Dansimster ¢ 4.0 “‘,: 2.8 x xo::
0F fawple ¢ 3.6 » 10 ; 1.0 x loh‘
2P L edge dennitomete:r T 1.0 » 10 2% % 10
M Column (ug U) u (2.0/ky m: (7 0/kg uzi
P Butt (PR 63) v 40110 €0 x 10
I (PN D) v w01 1o xt0 !
IAr Taylot & Condut. ¢ 1 lo'_': 2.0 % 10 :
IR (PR BIN) ’ 4.0 % 10 40 2 10
e Rample ¢ coxio!t "0 lo‘:
Iar (Teylor) ¢ 1,¢x 10 a4 x 0"



Table 1 (cont)

Measurement J }
—___Point __Random _ __Correlated
M column (kg V) v o s.0/kg 0 (9.0/kg 13
I8P Densimeter c e.0x10" 2.5 x 1072
Pu Prod. Tank (Sample) € 3.2x107! 7.8 » 107>
X (PR-619) r «ox10! 60 x 1074
nr xr c 9.0 x 1074 2.2 x 1074
1P Semple a 3.6 x 3073 1.0 x 1074
180 XRP ¢ 9.0 x xo'; 2.2x 10';
I Columi (kg U v (3.0/kg U) (3.0/1.9 V)
13¢ XRP c 0.2¢ 133
3¢ Coluan (kg U) Vo (0.17/xg 9%’ (0.17/kg 9&2
#1 Solv. Peed Tank v 4.0 x 10 2.9 x 10
#! Solv Peed Sample c 4.0 x 107 4.0 x 10
3P Concentrator v 6.4 x 107 3.6 x 107
P Concent . (Taylor) c 6.8 x10° 1.1 % 107
Pu Catch Tank v o w.3sm? 0.17/V)

Pu Catch (Taylor) c 6.1 x 10° 2.4 x 10
Pu Prod. Tank v oaw? (0.18/V)°
Pu Drod. (Taylor) c 6.1 x 10" 2.4 2 107
Pu Btorage 43 (304) v 0.3/ 0.24/V)
Pu Storage 93 (Taylor) c 6.1 x 1074 2.4 x 107
2Av Sample [ - -
28w Bample [ -

3Av sample C - -
gV Sample c - -
POR XRP ¢ 0.2% 0.025

Three computer programs (RADAR, FUNNEL, and
DECANAL) were implemented at ACNS for analyzing
minirun measurement data. RADAR 18 a utilic,
code thuat reads the measurement data fron ARANGE
and performs minimal formatting and datca check-
ing before writing the input measurement data
file for the FUNNEL program., FUNNEL is the ex-
ecutive program that calculates materials bal-
ances; it was written apecifically for the AGNE
minirun process, The program allows the user
to relect and analyze data spanning particular
time periods and to choose any of several unit
process accounting areas (UPAAs) that include
different process areas, The major UPAAs are

(1) full proceras UPAA - includes the entire
closed loop of the plutoniem purification pro-
cess (Fig., 1), an operated for the miniruns;

(2) column UPAA - isolates the columna in
A single accounting area bounded by the 1EP tank
and the P concentrator;

(3) INP murge tank UPAA - irolates the 1PP
murge tank with the plutonium rework tank and
the 2A¥ stream;

(4) PPP UPAA - includes the columne  and
the 3P concentrater with boundaries at the 1BP
rurge tank and the Pu cateh tank talternatively,
PPP and sample UPAA-~the catch tank can be in-
cluded §n the UPAA, and the sample tank can be
used for the output  tranrfer measurement);, and

(5) tank UPAA - iwnolaten any single tank
fn the procenn as a depatate UPAA.

For a specitied UPAA and time period. the FUNNEL
program combines the raw measured values to
calculate net transfers, and in-process inven=-
tories and their statistical uncertainties, and
transmits them to the decision analysis
(DECANAL) package for further analysis.l2?

V. PULSED-COI "N INVENTORY ESTIMATES

UPAAs that included pulsed columns required
estimates uf the inventury based on measuremrnts
of the feed, product, and waste stream concen-
trations and flows. The estimatorld has a
form given by

. . 5 . \ .
H = Hf(Cf Ffl + HP(CP Fp' + Hw(cw Fw) ,

where H is the total column inventory; the sub-
scripts f, p, and w, respectiv.ly, indicute the
feed, product, and waste streams; Hg, HF'
and H, are constvants related to the inveatcry
at some nominal operating conditions and are
determined experimentally and through engineer-
ing models fer each pulsed coiumn; C¢. C,, and
Cy are combinations of measured and nomina. con-
centrations; and Fg, F,, and F, are combina~
tions of measured and nominal flow rates. We
used this estimator in two forms, with the con-
centration and flow dependence and with concen-
tration dependence only.

At the end of miniruns 1, 5, 6, and 7, tone
pulsed columns weie valved off, the phases sep-
arated by pulsing, the columns drained into
holding tanks, holding tank volumes measured,
t1d samples taken for chemicai analysis. Column
inventories from these dumps and from the two
foims of the estimatcr are given in Table 2.
There preliminary comparisons show that the
estimator is always lower than the column dump
mearurements, The estimator that has both con-
centration and flow rote dependence agrees with
measured values from the column dumps within the
ervor of he eatimator. Comparisons for indi-
vidual columns range from 27% higher to 303

TABLE 2:  PULSED-COLUMN INVENTORY COMPARISON

Teventory (kg U)
Estimutor
Column Flow Rute and

Minirun Dump Concentration Lovcentration
1 80.2 .1 (-7.06%) -
] 48.1 4%.2 (-6.0%) 404 (~10.0%)
[ 42,0 41,0 (-1.0%) 37.0 (-11.92)
7 58,7 061.5 (44.82) 4103 (-29.0%)



lower than the column dumps. Analysis of these
results is underway to determine the factors
contributing to these differences and to refine
the estimator and the column dump experiments.

VI. LOSS-DETECTION SENSITIVITIES

Estimates for materials loss—-detection
sensitivities and material inventory  ard
through-put for selected accounting arezs in
the mini-runs are given in Table 3. These
estimates are for l-day accounting periods and
are based on & fixed-length test having n 50
detection probability and a 2.5% false-alarm
probahility. They are based on measurement
error estimater at the end of the minirun series
(Table 1). These detection sensitivity esti-
mates are not applicable to all the miniruns
because the measurement error estimates wore
refined with each minirun.

TABLE 3: ESTIMATED MATERIALS LOSS-DETECTION
SENSITIVITY

Inven-  Through- Detection
tory put Sensitivity

_Accounting Area (kg U) (kg U/day) (kg U)

Small static tank 60 0 4
Large dynamic tank 9u-20 144 11
Columns 40-45 144 12
PPP & sample a5-100 164 18

The lons-detection sensitivity is "4 kg
uranium for small static tanka such as the
interim storape tanks (Fig. 1), This tank
normally has an inventory of "60 kg uranium,
The sensitivity is dominated by the concentra-
tion measurement error and the amount of mater-
ial measured and can be improved by using a
concentration measurement having a precision of
1X or bhetter, A volume balance han a detec-
tion menaitivity of .2 L. Because the tank
is mtatic, the detection mensitivity is not a
function of time or correleted measurement
errors.

Materials balances for lavpge dynamic tanka,
such ar the 1BP tank, are based on volume
balances because nf relatively large biases
between the reworh and 1BP tank concentration
meannrementn and the lack of an  independent
con-entration measurement on the 27AF stream,
The 1BP taunk aolution volume is normally in the
tonge of 300-15%00 L with & concentration of

60 g uranium/L. The daily throughput for
the 1BP tank is ~l44 kg uranium/L. The vol-
ume balance has a loss-detection sensitivity of
~100 L. A balance based on the volume and a
single concentration measurement in the 1BP tank
for all streams has a sensitivity of 15 kg
uranium, and can be improved by providing more
frequent (i.e., continuous NDA or density)
measurements of concentrations.

The loss-detection s«nsitivities for the
column UPAA (40-45 kg uranium inventory and
144 kg uranium throughput/day) and the PPP and
sample UPAA (95-100 kg wuranium inventory and
144 kg uranium throughput/day) are 12 kg
uranium and 8 kg uranium, respectively.
These sensitivities are dominated by the trans-
fer measurement errors. The PPP and sample UPAA
has a larger detection sensitivity principally
because of the way the output transfers are
calculated and because of the larger in-process
inventory. Output transfers from the PPP and
sample UPAA are a combination of volume and
procesg-quality concentration measurements in
the sample and feed tanks (Fig. 1). For saie-
grards, accountability quality concentration
measurements should improve detection sensitiv-
ity.

VII. DISCUSSION

NRTA demcnscrations during the AGNS mini-
runs show that materials balances ~can be drawn
in near-real time using process-grade measure-
ments, We cannot emphasize this point enough--
useful information can be extracted from process
monitoring data. Although the materiais loss-
detection sensitivities acnieved for 1-day
periods generally are not comparable to inter-
national goals, they illustrate the etficacy of
the NRTA concepts.

Process-grade meagsurements can usually
provide estimates of in-process  inventoties.
Efforts to improve theae estimates should
concentrate on concentration measurements  and
on ertimation of wsolvent-extraction centactor
inventories.

Measurementa of significant feed and pro-
duct streama can often be rade on a batch banis.
However, measurementa of flow rates and concen-
trations are needed on process atreams, includ-
ing waste mtreams, that cross accounting area
boundaries.

The reproceaning facility is an integrated
uwhole, and the materials accounting aystem munt
addrers the entire facility., Therefore, we plan



to participate in future experimental tests to
continue the development and demorstration of
NRTA and to explore methods for international
verification of materials balances in reprocess-
ing facilities.
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